Abstract: The multiple-input-multiple-output (MIMO) indoor visible-light communication (VLC) system with multiple users, where several light-emitting diodes (LEDs) send messages to several photodiodes (PD), is studied. To enhance the diversity, each user is assumed to be equipped with multiple PDs with a different field of view. The objective is to minimize the LEDs' maximum power consumption subject to multiple constraints, including illumination constraint and capacity constraint. Under the assumption of maximumratio combining at the receivers, a linear precoding method is proposed. Detailed operation of this precoding method includes two steps: First, with matrix transformation and semi-definite relaxation, the original nonconvex optimization problem is transformed into solvable convex optimization subproblems. Afterward, based on the solution of the subproblems, it is proved that a linear precoding solution can be reformulated using a rank-1 decomposition theorem. Numerical results show that our proposed scheme with different system parameters outperforms the traditional method.
Introduction
Visible light communication (VLC) is gaining attention from both academia and industry as a promising complement to the wireless heterogeneous network. Using emerging illumination devices, e.g., light-emitting diodes (LEDs), as transmitters, VLC systems rapidly evolve as a viable and attractive solution for future communication system [1] . Besides, compared to existing radiofrequency communication (RFC) systems [2] , VLC has the following advantages: It uses the visible light spectrum which is unregulated and license-free. It does not interfere with existing RFC systems. In VLC system, the information waveforms are modulated directly as intensities at the transmitter, and the signal is captured by either photo diodes (PD) or imaging sensors at the receiver. Such process is termed as Intensity Modulated/Direct Detection (IM/DD). One of the most significant differences between VLC and RFC systems is that the transmitted signal of VLC has to be positive and real due to IM/DD. Besides, as for channel model, the diffuse link in VLC is much weaker than the line-of-sight (LoS) link. In [3] and [4] , the authors point out that no multipath interference would occur at data rates below several hundred Mb/s according to a root mean square delay spread investigation. For multiple-input-multiple-output (MIMO) VLC system, the channel correlation is a major concern. As [5] shows, ill-conditioned channel matrix may occur due to homogenous behaviors in different channel gains. As a result, channel precoding becomes an important problem in VLC systems.
There are many of works along this direction that laid theoretical foundation for precoding in VLC system [6] - [9] . In [6] , the authors investigate the performance of zero forcing precoding in the indoor VLC system. In [7] , the authors investigate the erbium-doped fiber amplifier (EDFA) effect on bit error rate (BER) performance in space optical communication. In [8] , the authors propose an approach to improve beam quality on diffractive optical elements, but it is mainly used in inter-satellite optical communication system. In [9] , the authors investigate the LED allocation for multiuser VLC network while the MIMO case is not considered.
For our knowledge, currently all the work in precoding method is based on the minimum mean square errors (MMSE) criteria [5] , [10] , [11] . In [10] , the authors consider the robust precoding design of the VLC system, but they fixed the receiving gain of all the detectors in a single receiver. In [11] , the authors investigate the Multi-color VLC system and propose a joint beamformer and offset design, but they did not consider the capacity constraints of the system. However, as [17] mentioned, illumination constraints have an effect on capacity. Therefore, MMSE and capacity do not have equivalent effect to the VLC system. As far as we know, previous studies of precoding method based on MMSE did not consider such effect. In [5] , the authors jointly optimized the equalizer and the precoder of the VLC single user system, but they did not consider the field of view (FoV) diversity of the receiver.
In this paper, we intend to tackle the problems existed in [5] , [10] and [11] , namely, we jointly consider receivers with maximum-ratio combining (MRC) [2] , capacity constraints, and FoV diversity, which [5] , [10] , [11] did not mention. We formulate a problem of minimizing the maximum power consumption subject to multiple constraints including the illumination constraint and the capacity constraint. We propose a precoding method based on the upper bound of achievable data rate instead of MMSE criteria. The multiuser MIMO case is also considered in our work. To make our research more realistic, a new method based on the FoV is used to achieve diversity [13] in our system. The paper is organized as follows. The system model is presented in Section 2. Then, we give the precoding algorithm in Section 3. Section 4 presents simulation results. Section 5 concludes the whole work.
Notations
T denotes the transpose operation. trðÁÞ and rankðÁÞ denote the trace and rank of a matrix, respectively. diagðÁÞ denotes extract diagonal elements of the matrix to form a vector. j Á j denotes taking absolute value itemized. A 1 B represents that A is larger than B element-wise.
System Model
See Fig. 1 . We consider a downlink broadcasting scenario [12] , where a room is illuminated by M down-facing LED fixtures which are attached to the ceiling. Each fixture consists of multiple LEDs which are modulated by the same current signal. At the receiving end, there are K receivers, and each receiver is equipped with N photodiodes (PDs). We assume K ¼ 2 for simplicity. Since we are precoding on the fixtures, all the LEDs in one fixture are regarded as a single transmitter to make the result extendable.
The signals transmitted by the LED fixtures can be given as follows:
where s n ðt Þ is the desired data signal of receiver n, v n 2 R MÂ1 is the precoding vector corresponding to s n ðt Þ 2 R. Since we are using direct current (DC) biased pulse-amplitude modulation (PAM), the transmit element is driven by a fixed bias current I DC 2 R þ . Assume for fixture -i,
can also be used to guarantee the LEDs work within their linear current-light conversion region. Moreover, bias b also plays the role of adjusting illumination level of the room. In order to maintain linear current-light conversion and avoid clipping distortion, the total transmitted signal xðt Þ 2 R MÂ1 þ must be constrained within some range I DC þ I DC element-wise, where 2 ½0; 1 is termed as the modulation index. Thus, xðt Þ must satisfy the amplitude constraint Pðjxðt Þj > AÞ ¼ 0 for 8 t , where A ¼ I DC .
The light received by each PD in each fixture would generally be made up of two components: the line-of-sight (LoS) component and the diffuse component. Previous studies have shown that the LOS component is usually much stronger than the diffuse component [14] . Inline with these researches [15] , we only consider the LoS component. We also assume the FoV is clearly defined. The signals within the FoV are all received while those outside the FoV are not.
With these assumptions, the channel gain between the q-th LED and the p-th PD is given by
where A is the effective area of the PDs, order m is related to the semi-angle of the Lambertian LED È 1=2 , m ¼ Àln 2=lnðcosÈ 1=2 Þ, is the angle of emission, ' is the angle of incidence, d denotes the distance between the LED and the PD, and É 1=2 denotes the FoV of the PD according to [15] . We assume each LED fixtures can be modulated by a combination of s 1 ðt Þ and s 2 ðtÞ. The weight of the mixture are determined by v 1 and v 2 , respectively. We thus have the constraint v n 2 R MÂ1 , namely, each element of v n is a real number. This constraint guarantees that the weight is a real number.
Assume the transmit signal s n ðt Þ $ N ð0; 1Þ. Since we are using current signal modulation in LED, the modulated current signal xðt Þ cannot be negative. As a result, the amplitude constraint of LED fixtures can be expressed as jv 1 j þ jv 2 j " b. Moreover, since the bias current must be positive, we have b 1 0. In order to maintain linear current-light conversion and to avoid clipping distortion, the transmission power should also have an upper bound p " jv 1 
In a MIMO VLC system, signals are transmitted by multiple LED fixtures and received by multiple PDs. The MIMO channel gain matrix H can be determined by the DC gains between each LED-PD pair [14] . Its element h mn corresponds to the channel gain between the n-th LED fixture and the m-th PD. Due to homogenous behaviors in different channel DC gains [14] , the MIMO channel gain matrix is illconditioned. However, by using the method mentioned in [13] , we can ensure H to be well-conditioned.
The signals received by PD n is given by
where z n ðt Þ $ N ð0; 2 n Þ is the additive noise, H n 2 R KNÂM þ is the channel gain matrix. Note that the bias b should be known by all the receivers.
At the receivers, we use MRC [16] to combine the signals. We thus have
Since we are discussing the precoding method in a slow fading channel, regardless of the time slot, we drop the time index ðt Þ for simplicity. The signal-to-interference-plus-noise-ratio (SINR) of the receivers can be calculated as
Since z n ðt Þ $ N ð0; 
Precoding Method In MIMO VLC System Based on FoV Diversity
Assuming MRC in the PDs, a capacity upper bound [17] for each user in our system can be expressed as follows:
Note that GðÞ is quasi-convex with respect to . In this paper, we aimed at minimizing LED's maximum power consumption subject to several constraints, including the illumination constraint and the capacity constraint. The precoding problem can be formulated as follows:
There are three difficulties in solving problem (9) as listed below. 1) GðÞ is not differentiable when ¼ 1=2.
2) Note that problem (9) is a quadratically constrained quadratic programming (QCQP) problem. Since the quadratic constraints (10) and (11) are non-convex, existing convex optimization method cannot be directly used in this problem.
3) Constraints (12) and (13) are not differentiable when v 1 i ¼ 0 for 8 i 2 f1; . . . ; Mg or v 2 i ¼ 0 for 8 i 2 f1; . . . ; Mg. In order to solve difficulty 1, we use binary search for to get an optimal value with limited computation budget.
In order to solve difficulties 2 and 3, we let
Using some transformation technique, we can reformulate problem (9) as min V 1 ;V 2 ;;B trðV 1 Þ þ trðV 2 Þ þ trðBÞ (14) s.t:
Note that in (15) and (16), we use trðABÞ ¼ trðBAÞ, and in (17) and (18), we use a transformation of the Cauchy-Schwarz inequality ðjv 1 j þ jv 2 jÞ 2 " 2jv 1 j 2 þ 2jv 2 j 2 . Using the transformation above, problem (9) can be turned into a Semi-Definite Programming (SDP) problem (14) with rank constraint. Meanwhile, the variable substitution above may also bring the following side effect: 4) We cannot guarantee b 2 R MÂ1 þ through any explicit constraint imposed on B. 5) Rank constraints (19) and (20) are also non-convex. By dropping the non-convex rank constraints (19) and (20), problem (14) becomes a standard SDP. It can be solved efficiently using the method proposed in [18] .
Proposition 1
b in problem (9) and the optimization result B in problem (14) 
Proof
Note that in optimization problem (14), we only have two functions of B, which is trðBÞ and diagðBÞ. It means that only the diagonal part of B is useful for the optimization problem. If B opt is the optimal value of problem (14), we have trðB opt Þ ¼ trðdiagðB opt ÞÞ diagðB opt Þ ¼ diagðdiagðB opt ÞÞ, and hence diagðB opt Þ is also the optimal value of problem (14) . Then we con-
for 8 i; j 2 f1; . . . ; Mg, where B 0 opt is still the optimal value of problem (14) . We thus have B
Lemma 1
In constraint (27), there is only one m 2 f1; . . . ; Mg which satisfies
Proof
We prove by contradiction. Assuming there exist m 1 ; m 2 2 f1; . . . ; Mg that both satisfy (21), we can find V 
We let V (14). This completes the proof.
Proposition 2
Suppose V k is an optimal solution to SDP problem (14) , then there must be a rank-1 matrix V 0 k that achieves the same optimality as V k .
Proof
We specify k ¼ 1 for simplicity. Cases k ¼ n can be proved similarly. Suppose V 1 is an optimal solution to SDP problem (14) . We have the optimal values
Note that problem (14) does not directly involve V 
h From Proposition 2, we know that if rankðV 1 Þ ¼ 1, then the solution to problem (9) subject to active constraints is given by V
T . If rankðV 1 Þ ! 2, using rank-one decomposition theorem [19] , we can find a rank-1 matrixv 1v 1
T in polynomial-time. In [19] , it also shows that v 1v 1
T can also satisfy the constraints form trfA iv 1v 1
T g ¼ trfA i V 1 g, i ¼ 1; 2; 3; 4, which represent constraints (24)-(26) and (28) in our problem. Then, the solution to problem (9) subject to active constraints can be represented as v 1 .
Simulation Results
In order to evaluate the proposed scheme, we have numerically simulated a typical indoor VLC scenario. As shown in Fig. 1 , the volume of the room is assumed to be 3 Â 3 Â 3 m 3 . The LED fixtures are deployed on top of the roof with equal distance to each other. According to [15] , we assume there are two receivers, and each receiver is equipped with 4 PDs with the FoV profile
. In order to use a Monte Carlo Method for simulation, we assume the receivers move in the room randomly. Five thousand random channel matrices are generated based on (2). The parameters in (2) are set as follows:
Assuming the maximum illumination power of LED fixture is 2.5W, our proposed algorithm is compared with the widely used zero forcing method, which is a simplification of [5] and [6] . Our algorithm iterated for 15 times which can guarantee a 2 À15 accuracy for . We plot two figures, as shown in Figs. 2 and 3 , where the former evaluates the minimum transmit power and the latter evaluates feasible probability.
In Fig. 2 , the information content of both receivers varies from 0 to 1.8 (nat). The simulation results show that our proposed algorithm always needs less power than zero forcing method. It means that our proposed algorithm is more energy efficient than zero forcing. Due to the propagation nature of light, beamforming method cannot always find a feasible solution [18] . Since the precoding problem is not always feasible, we study the probability of finding a feasible solution while the receivers are moving in the room randomly during the 5000 simulations. We name this probability as feasible probability. In Fig. 3 , it shows that with the information content of both receivers varying, our proposed algorithm can always achieve a higher feasible probability than the zero forcing method, which means that in some cases, our proposed algorithm can find the feasible beamforming solution while the zero forcing method cannot.
Conclusion
In this paper, we have proposed an energy efficient beamforming scheme for the indoor MIMO VLC system which minimizes the transmit power under capacity constraint and illumination constraint. Simulation results have shown that our proposed scheme achieves an acceptable performance under a small number of iterations. Moreover, the simulation shows that our proposed scheme outperforms zero forcing method both in transmit power consumption and feasible probability.
